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Abstract 
Methane concentrations and selected chemical parameters in inter- 
stitial water were examined along subsurface flowpath in two sub- 
systems (hyporheic and parafluvial sediments) in the Sitka stream, 
Czech Republic. Interstitial methane concentrations exhibited a dis- 
tinct spatial pattern. In the hyporheic downwelling zone where the 
sediments are relatively well oxygenated due to high hydrologic ex- 
change with the surface water, low interstitial methane concentra- 
tions, averaging 9.3 gg CHJ1, were found. In contrast, upwelling 
sediments and parafluvial sediments (active channel sediments later- 
al to the wetted channel) had significantly higher methane concen- 
trations (p < 0.05, and p < 0.01, respectively), averaging 43.2 ~ag 
CHJ1 and 160.5 ~ag CH4/] , respectively. Dissolved oxygen was the 
highest where surface water entered hyporheic/parafluvial sedi- 
ments and decreased with water residence time in the sediments 
(p < 0.01). Nitrate concentrations decreased along the flowpath and 
were significantly ower at downstream end of the riffle (p < 0.001). 
Sulfate concentrations also show a slight decline with the water esi- 
dence time, but differences were not significant. Effect of both ni- 
trate and sulfate on methanogenesis is also discussed. The interstitial 
methane concentration significantly increased with surface water 
temperature (p < 0.001) and was negatively correlated with redox 
potential (p < 0.01) and dissolved oxygen (p < 0.05). 
Introduction 
Methanogenesis in aquatic ecosystems i of great interest 
for limnologists and microbial ecologists because it is the 
terminal pathway for organic matter decay in freshwater en- 
vironments. The study of methanogenesis and methane pro- 
duction has also become an important aspect of global 
warming because methane is a potential greenhouse gas 
(e.g. CICERONE 1988; DENMEAD 1991; LLOYD 1995). Al- 
though methane missions have been quantified for many 
aquatic systems (e.g. SEBACHER et al. 1986; KLING et al. 
1992; BARTLETT & HARRIS 1993; WASSMANN et al. 1993; 
RAMESH et al. 1997), current understanding of the mecha- 
nisms controlling methane production within hyporheic sed- 
iments of rivers is very poor (see DAHM et al 1991; JONES et 
al. 1994, 1995b). 
In sharp contrast to predominantly aerobic metabolism in
the surface stream water, hyporheic metabolic processes are 
tightly coupled to vertical hydrologic exchange and depend- 
ing primarily on the rate of dissolved oxygen imported from 
the surface water. When import of dissolved oxygen through 
hydrologic exchange is slower than total respiratory demand, 
then anoxic conditions develop, shifting respiration from 
aerobic to anaerobic pathway (e.g. DAHM et al. 1991; RUL~K 
& HEKERA 1995, 1998). In areas of hyporheic downwelling 
(i.e. where surface water enters hyporheic zone), sediments 
receive organic matter and oxygen from surface stream and 
aerobic respiration and decomposition are expected to be 
prevalent. As water downwells from the surface into sedi- 
ment interstices and further downstream along the subsur- 
face flowpath, aerobic respiration reduces available oxygen 
(FINDLAY et al. 1993; JONES 1995; JONES et al. 1995a). Ni- 
trate is used as terminal electron acceptor and respired 
through denitrification (SEITZINGER 1988; DUEF & TRISKA 
1990; TRISKA et al. 1993a, 1993b; HOLMES et al. 1996). 
When redox potential further declines, respiration will use 
alternative terminal electron acceptors, such as sulfate, and 
ultimately shift to methanogenesis. The distribution and ex- 
tent of methanogenesis along the subsurface flowpath is af- 
fected by many factors, including substrate availability, oxy- 
gen supply, flow rate, temperature and the presence of elec- 
tron acceptors such as sulfate. 
In this study, we examine distribution and concentration 
of methane, nitrate and sulfate along subsurface flowpath 
through yporheic and parafluvial sediments in a small low- 
land stream, the River Sitka, Moravia, Czech Republic. 
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Study Site Methods 
The study site is located in the River Sitka, a tributary of 
Morava River. Sitka is a small, ca. 35 km long, naturally me- 
andering lowland stream in Czech Republic, ca. 5 km above 
the city of Olomouc (see RUL~K & HEKERA 1998). Its down- 
stream part flows through an area of agricultural fields and 
despite well vegetated banks (Salix sp., Alnus glutinosa, 
Fraxinus excelsior, Urtica dioica, Impatiens glandulifera, 
Helianthus tuberosus), the influences of agricultural prac- 
tices (high concentration of nitrates) are commonly ob- 
served. Stream width ranges between 4 and 6 m. The sub- 
strate is composed of gravel-sand. Characterizing data are 
given in Table 1. At the sampling site occurs a pool-riffle- 
pool sequence, ca. 20 m in longitudinal profile (Fig. 1). The 
crest and lateral parts of the riffle are usually above water 
level during the summer and are partialy overgrown by reed 
and canary-grass (Phalaroides arundinacea). The Bryophyte 
Fontinalis antipyretica nd the starwort Callitriche sp. also 
occur in this stream. 
Table 1. Characterization f the study area of the River Sitka. Mean 
values are monthly weighted annual averages (from Rtmf~: 1997). 
Watershed (km 2) 118.81 km 2 
Mean annual discharge (m3/s) 0.81 
Oxygen saturation (mg/1) 
- surface water 11.01 
- interstitial water 3.92 
Conductivity (btS/cm) 
- surface water 320 
- interstitial water 332 
pH 
- surface water 7.2 
- interstitial water 6.83 
Redox potential (mV) 
- interstitial water 82.4 
DOC (mg/1) 
- surface water 3.94 
- interstitial water 4.32 
Surface N~o t (mg/1) 10.5 
Surface P-PO 4 (mg/1) 0.47 
Average grain size (ram) 5.9 
% of grains < 1.0 mm 28.8 
Interstitial methane and selected chemical parameters 
were studied in five sampling stations of two subsystems: (1) 
hyporheic sediments below the active stream and (2) paraflu- 
vial sediments (a part of the riffle area within the active 
channel and lateral to the wetted channel). Sediments in both 
subsystems were below the water table during the whole 
year and thus saturated. 
The study area was mapped in previous tudies (RUL[K 1997) to de- 
termine hydrologic exchange between the surface stream and hy- 
porheic sediments and hydrologic flowpath through sediments. Hy- 
drologic exchange and vertical hydraulic head (VHG) were mea- 
sured using mini-piezometers with manometer (LEE & CHERRY 
1978; VANEK 1991). 
Interstitial samples were also collected with mini-piezometers. 
Mini-piezometers consisted of a 1.2 m long metal pipe. The bottom 
end was capped with an aluminum tip, cut with six slots (0.25 mm 
wide and 4 cm long) (VANEK 1991). The top end of the pipe was 
attached to a 1.4 meter tong hard PVC tube of small diameter 
(3.18 ram). Each piezometer was pushed 30-40 cm deep into a pre- 
drilled hole of slightly larger diameter. Piezometers were placed at 
four different locations along a hydrologic flowpath through sedi- 
ments: downwelling zone, intermediate zone, upwelling zone and 
parafluviaI zone. Within the parafluvial zone interstitial methane 
was further studied by sampling at two points along parafluvial 
flowpaths to examine the effects of water residence time in sedi- 
ments (6 and 10 m from the point where water from the stream 
surface flows into sediments - parafluvial I and parafluvial II) (see 
Fig. 1). 
Samples for measurement of methane concentration a d selected 
physico-chemical parameters of the water were taken monthly or 
bimonthly between December 1997 and June 1998 (altogether 
10 dates). All samples were usually taken during the morning 
(9 a.m.-11 a.m.). 
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F ig .  1. Sketch of the study area (Fig. 1, upper part) and longitudinal 
section through the riffle-pool sequence (Fig. 1, below) of the Sitka 
stream at the sampling site. Open fill = surface stream; stippled fill = 
bank sediments. The capital etters denote the 5 sampling stations: 
A = downwelling; B = intermediate; C = upwelling; D = parafluvial 
I; E = parafluvial II. 
360 Limnologica 30 (2000) 4 
Table 2. Chemical parameters of interstitial water in five sampling stations (values are average _+ SE, number of measurements in parentheses). 
Subsystem 
Hyporheic Parafluvial 
Downwetling Intermediate Upwelling Parafluvial I Parafluvial II
(A) (B) (C) (D) (E) 
02 (mg/1) 5.2 .+ 0.5 (10) 3.98 _+ 0.5 (7) 2.9 -~ 0.3 (10) 3.9 + 0.3 (8) 3.6 .+ 0.5 (10) 
pH 7.0 .+ 0.08 (10) 6.92 .+ 0.08 (9) 6.79 .+ 0.05 (9) 6.82 .+ 0.07 (8) 6.89 -+ 0.05 (11) 
Redox (mV) 97 .+ 12 (10) 100 .+ 23 (8) 43 .+ 28 (8) 113 _+ 13 (18) 59 _+ 22 (11) 
Conductivity (gS/cm) 336 .+ 24 (10) 296 .+ 13 (10) 321 .+ 23 (10) 339 .+ 26 (8) 366 .+ 25 (11) 
CH4 (#g/1) 9.3_+0.7(9) 4_+1.2(9) 43.1_+19.3(9) 6.1_+2.3(9) 160.5.+51(14) 
NO3 (mg/1) 15.8_+ 1.8 (9) 15.8_+ 1.1 (9) 4.5.+ 1.6(9) 11.8_+ 1.9(8) 10.9_+ 1.8 (10) 
SO4 (rag/l) 52.5 _+ 1.8 (9) 50.8 .+ 1.5 (9) 45.9 _+ 1.6 (9) 53.4 .+ 1.5 (8) 52.1 .+ 1.0 (11) 
Two methane subsamples per sampling point (30 ml) were col- 
lected from a continuous column of water with a 60 ml polypropy- 
lene syringe connected to a hard PVC tube, drawn from a mini- 
piezometer and injected into sterile, clear vials (40 ml) with screwed 
top and a holed polypropylene cap with PTFE silicone septa. 
Methane was analysed by injecting of 2 ml subsample of air from the 
headspace of the vials, after vigorous haking to release the super- 
saturated methane from the water, into a CHROM 5 gas chromato- 
graph (Laboratorn~ Prfstroje Praha) equipped with a flame ionization 
detector (detection limit = 1 #g CHJ1), and with a 1.2 m PORAPAK 
Q column (i.d. 3 ram), and with nitrogen as the carrier gas. 
Water samples for chemical analysis were collected from each of 
the five sampling points by drawing a continuous column of water 
from the same mini-piezometer using a vacuum hand pump and fill- 
ing previously acid-washed glass bottles. Samples were kept cool 
while transported to the laboratory. Nitrate (NO3) and sulfate 
(SO42 ) were detected by a capillary type isotachophoresis (e.g. AR- 
LINGER 1974; EVERAERrS & VERHE~GEN 1974) in the unfiltered in- 
terstitial water. Water temperature, oxygen, pH, redox potential and 
conductivity were measured in the field with portable WTW-OX192 
dissolved oxygen meter, WTW-pH and redox meter and WTW-EF 
90 conductivity meter. 
Statistical analysis of differences between mean values of 
methane and measured chemical parameters was done with one way 
analysis of variance (ANOVA). Effects of temperature, oxygen, ni- 
trate and redox potential on methane concentration were assessed by 
linear egression. 
Results 
The five sampling stations studied were chemically distinct 
(Table 2). Dissolved oxygen was highest where surface 
water entered hyporheic/parafluvial sediments, but de- 
creased with water residence time in the sediments (p < 
0.01). The concentration of CH 4 in surface water averaged 
5.16 gg CH4/1, while interstitial methane concentrations 
were much greater; hyporheic sites averaged 18.4 ~g CH4/1, 
and parafluvial sites averaged 100.9 gg CH4/1. Methane 
concentrations were very low in the oxygenated interstitial 
water at hyporheic downwelling, but greater where subsur- 
face water upwells back to the stream (upwelling zone) 
(p < 0.05), and at parafluvial zone II (p < 0.01) (Fig. 2). The 
greatest methane concentration (1114.5 ~g CH4/1) was found 
at the downstream end of the riffle in May 1998. Interstitial 
methane concentration increased sharply with increasing 
Fig. 2. Average methane concentration i  surface 
stream, hyporheic and parafluvial sediments of 
Sitka stream. The error bars show the standard e- 
viation. 
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Fig. 3. Relationship between methane in hyporhe- 
ic sediments and surface water temperature. 
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red•x-potential, nitrate and dissolved oxygen. 
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surface water temperature (Fig. 3). Nitrate was abundant in 
the downwelling sediments. Nitrate concentrations de- 
creased along the flowpath and were significantly lower at 
the downstream end of the riffle (p < 0.001). Sulfate concen- 
trations also showed aslight decline with the water esidence 
time, but differences were not significant (Table 2). 
Positive correlation was found between the methane con- 
centration and temperature of the interstitial water (p < 
0.001; r -- 0.47), while methane concentration was negative- 
ly correlated with the redox potential (p < 0.01; r = -0.47), 
dissolved oxygen (p < 0.05; r = -0.31) and nitrate (p < 0.01; 
r = -0.41) (see Fig. 4). 
Discussion 
Methane concentration i  both the surface water and intersti- 
tial water of the Sitka stream were greatly in excess of satu- 
ration values in equilibrium with the atmosphere. DAHM et 
al. (1991) and JONES et al. (1994, 1995b) have reported about 
interstitial waters of bed sediments with CH4 concentrations 
which are comparable to or greater than the levels in the 
Sitka stream we have studied. 
Methanogenic bacteria re dependent upon end-products 
of fermentation, typically H2 and acetate (WINFREY ~; ZEIKUS 
1979; ZAISS 1984, 1988), for a metabolic substrate. In the 
presence of their terminal electron acceptors NO3- and SO42-, 
denitrifying bacteria and sulfate reducing bacteria can use 
the same substrates. Thus, they compete with methanogens 
for metabolic substrates and can reduce substrate concentra- 
tion below those required by methanogenic bacteria (WIN- 
FREY ~% ZEIKUS 1977; SORENSEN et al 1981; KRISTJANSSON et 
al. 1982; SCH~)NttEIT et al. 1982; LOVLEY & KLU6 1983; 
ROBINSON & TEIDJE 1984). Segregation of both sulfate re- 
duction and methanogenesis is commonly known from pre- 
vious research in lake ecosystems (e.g. CAPPENBERO 1974; 
REEBURGH ~% HEGGIE 1977) or marine environment (e.g. 
MARTENS & BERNER 1974). However, in stream sediments, 
zones of denitrification, sulfate reduction and methanogene- 
sis occur simultaneously (cf. WESTERMANN ~; AHRING 1987). 
The coexistence of various electron acceptors might be ex- 
plained by the fact that most respiration processes depend on 
low-molecular-weight organic matter which is formed as an 
end product of fermentation processes (MCINERNEY 1988). 
Acetate can be considered as the main product of three-stage 
process of anaerobic degradation of organic matter including 
fermentation which plays a very important role in anaerobic 
carbon cycling (e.g. WINFREY & WARD 1983). Acetate ac- 
counts for the major part of the methane formed (WINFREY & 
ZE~KUS 1979; CAPONE & K~ENE 1988) as it plays a minor role 
as a methane precursor. Sulfate reducers use acetate as an en- 
ergy source and oxidizing it in the presence of sulfate (ZAISS 
1984, 1988). Thus, at high concentrations of acetate and low 
level of sulfate, there will be less competition between 
methanogens and sulfate-reducing bacteria. According to 
CAPPENBERG et al. (1984), sulfate reducing bacteria oxidize 
lactate to acetate, and the acetate is then utilized by methane 
producers. In addition, at higher concentrations of both ac- 
etate and sulfate anions, a synergistic effect may be ob- 
served. The metabolism of sulfate-reducing bacteria could 
result in a high concentration of acid products and thus in a 
decrease of the pH values (MuSoz et al. 1997). LOVLEY & 
KLUG (1983, 1986) predicted that sulfate reducers would 
out-compete methanogens for metabolic substrates when 
sulfate concentration is greater than 1 to 2 mg SO4-S/1. Sul- 
fate in the Sitka interstitial water averages 17.02 mg SO4-S/1 , 
suggesting that sulfate reduction in the Sitka stream is likely 
to be an important anaerobic pathway. 
Previous studies in the Sitka stream dealing with the oc- 
currence of some carboxylic acid in interstitial water of bed 
sediments (RUL~K & HEKERA 1998) showed that concentra- 
tions of both acetic and lactic acids are quite high and can 
probably support energetic requirements of the aforemen- 
tioned electron acceptors. As oxygen concentration and 
redox potential declined, nitrate was presumably respired 
through denitrification and its concentration rapidly de- 
creased along subsurface flowpath (Table 2). Although sul- 
fate reduction may also be an important pathway for organic 
matter decomposition i  the Sitka stream, no significant de- 
crease of the sulfate concentration with residence time in 
sediments was found (Table 2). On the contrary, interstitial 
methane concentrations were relatively high, suggesting that 
most of the anaerobic decomposition of organic matter with- 
in hyporheic sediments of the Sitka stream may be associat- 
ed with methanogenesis. For this reason, there is no competi- 
tion between methanogens and both denitrifying bacteria 
and sulfate-reducing bacteria due to the rapid accumulation 
of labile organic matter. It seems to be likely that despite 
denitrification and sulfate reduction, there is still sufficient 
labile organic matter present to support methanogenesis. Ev- 
idence, that denitrifying bacteria, sulfate-reducing bacteria 
and methanogens u ed the acetate for metabolic substrate in 
the Sitka bed sediments i that concentrations of lactic acid 
in the Sitka bed sediments were, on average, higher than 
acetic acid concentrations, and the ratio of acetic to lactic 
acids was lower than 1 (RUL~K & HErd~RA 1998). 
Although interstitial flow rate is very slow compared to 
surface stream and depletion of dissolved oxygen through 
sediments was found, hyporheic and parafluvial sediments 
up to 40 cm in depth remain oxic (see Table 1). Thus, it is 
surprising that we have found relatively high concentrations 
of methane in the interstitial water. This may be explained by 
the presence of a microbial hyporheic biofilm. There are 
concentration gradients of oxygen, essential inorganic nutri- 
ents, and dissolved organic carbon throughout the depth of 
the biofilm (HAMILTON ~; CHARACKLIS 1989; NmLSEN et al. 
1990). Due to decreasing oxygen concentration with depth, 
an anaerobic microenvironment is generated within the 
depths of an aerobic biofilm, and anaerobic heterotrophic a - 
tivity leads to production of fermentation products like hy- 
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drogen and acetate (HAMILTON 1987; HAMILTON & CHA- 
RACKETS 1989). Relatively high concentrations of both acetic 
and lactic acids found in the interstitial water (maximum ex- 
ceeded 300 ~tg • 1-1 in the Sitka stream; RULfK & HEKERA 
1998) indicate that there is an overproduction of acetic and 
lactic acids in the hyporheic zone. It seems to be obvious that 
the rate of production of these fermentation products within 
an anaerobic zone of biofilms is higher than can be utilized 
by either methanogenic, denitrifying or sulfate-reducing 
bacteria which are often present in the anaerobic microlayers 
of the biofilm and that this overproduction is released out 
from the biofilm and into the interstitial water of the bed sed- 
iments. This overproduction could also indicate a relatively 
high supply of organic carbon to the biofilm. Because the 
diffusion of oxygen into the biofilm is a function of its thick- 
ness and density (HAMILTON 8z CHARACKLIS 1989) and de- 
pends also on the oxygen concentration i  bulk liquid phase, 
we assume that anaerobic zones within the biofilm are more 
extensive than in the interstitial water which appeared to be 
low oxic to anoxic, as indicated by values of redox potential 
and dissolved oxygen (Table 2). This suggestion may be sup- 
ported by the methane concentration found to be much high- 
er in zones where both redox potential and dissolved oxygen 
were very low and, conversely, the nitrate concentrations 
were low or zero, probably due to respiration by denitrifying 
bacteria. 
Temperature greatly limits the activity of methanogenic 
bacteria (e.g. ZEIKUS & WINFP, EY 1976; YAVITT et al. 1987; 
WILSON et al. 1989; SORELL & BOON 1992; THEBRATH et al. 
1993). KELLY & CHYNOWETH (1981) found that rapid tem- 
perature increases caused an immediate increase in methane 
production rates. Our findings support his suggestion (see 
Fig. 3). However, most of the sampling was done during the 
winter and spring, and we expect o measure much higher 
concentrations when sampling would be done during the 
summer period. This idea may be supported by our previous 
research, when the maximum concentrations of both lactic 
and acetic acids were found during the summer period 
(RUL[K & HEKERA 1998). This may be related to an in- 
creased ecomposition rate associated with increased organ- 
ic matter supply at that time (RUL[K 1997). Low or non-de- 
tectable methanogenesis during winter season is presumably 
due to low temperature (KING & WIEBE 1978; CHANTON & 
MARTENS 1988; SORELL & BOON 1992), when decomposi- 
tion of organic matter both in surface and interstitial water is 
very slow (RUL[K 1997). In contrast, the highest CH 4 con- 
centrations found in profundal sediments of Lake 
Mtiggelsee in winter were explained by increased solubility 
of methane and a considerable increase in availability of or- 
ganic substrates for methanogens at that time (ROLLETSCHEK 
1997). 
Finally, although a common view of streams and rivers is 
that of well oxygen-saturated waters, it could be that in some 
streams the existence of extensive hyporheic regions where 
anaerobic onditions prevail may be the norm (rather than 
we expected). Moreover, anaerobic decomposition of organ- 
ic matter, buried and stored long-term within hyporheic sedi- 
ments through methanogenesis, appears to be an important 
pathway for organic carbon cycling and is potentially a 
source of labile organic arbon to the surface stream. 
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